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Hence, whenever the GSH regeneration rate falls below its oxidation rate, the GSH:GSSG molar ratio drops from 45 to 1. Inhibition of glutathione reductase may be responsible for the saturation kinetics observed in rates of thiram elimination and uptake by the yeast. The data suggest also a leading role for the GSH redox cycle in the control of thiram and dimethyldithiocarbamic acid fungitoxicity. Possible pathways for the handling of thiram and dimethyldithiocarbamic acid by yeast are considered with respect to the physiological status, the GSH content, and the activity of glutathione reductase of the cells.
Thiram [bis(dimethylthiocarbamoyl) disulfide] was one of the first dithiocarbamate fungicides used for the control of plant diseases (20) . Thiram and its tetraethyl analog disulfiram, widely used as an alcohol deterrent, were also shown to exhibit a variety of pharmacological and chemical activities resulting in their use as rubber accelerators, vulcanizers, and bacteriostatic agents in soap, animal repellent, and antiseptic agents (28) . Several lines of evidence indicate that after administration to cells, thiram is rapidly reduced to its corresponding thiol, dimethyldithiocarbamic acid (4). The dithiocarbamate anion, which is used as a fungicide, is considered the active moiety because of its chelating properties (3). However, the mode of action is probably more complex. Disulfiram, which might be expected to exhibit inhibitory properties similar to those of thiram, is known to inhibit a number of sulfhydryl (SH) enzymes (30) . This requires the drug to be present within the cells as the disulfide. Two effects are inherent to the structure of thiram: (i) oxidant effects due to the disulfide bridge of the molecule, which may be responsible for thiol-disulfide exchanges with SH groups of cellular proteins and cofactors (33) , and (ii) reducing effects due to the SH function of the dimethyldithiocarbamate anion. Both effects may therefore contribute to the various activities reported in mammalian cells, including radioprotection (1, 23) , radiosensitization (9, 11) , immunostimulation (27) , protection against toxicity of cancer chemotherapeutic agents (21) , and potentiation of toxicity of drugs inducing superoxide anions (12) .
In the course of an investigation on the role of yeast intracellular glutathione (GSH) in the regulation of drug bioreduction, thiram was used as a thiol-oxidizing agent. It was reported that the GSH content of Saccharomyces cerevisiae correlated with the toxicity of thiram and dimethyldithiocarbamic acid and that the degrees of inhibition were similar for the two forms of the fungicide (5) . The chemistry of these compounds, in relation to their inhibitory effects, should therefore provide an understanding of the similarities in their in vivo effects and the differences in their in vitro effects. The present study deals with the metabolic interconversion of thiram and dimethyldithiocarbamic acid and the biochemical pathway that may control the metabolic fate of these compounds in S. cerevisiae. We suggest that the redox couple thiram:dimethyldithiocarbamic acid acts as a link between the hexosemonophosphate pathway and the respiratory chain and that the GSH redox cycle is the major pathway to provide the reducing equivalents for thiram bioreduction. A model for the metabolism of thiram and dimethyldithiocarbamic acid in yeast is proposed and discussed, taking into consideration the fungitoxicity of both compounds.
MATERIALS AND METHODS
Strain, media, and growth conditions. All experiments were carried out with the wild-type strain ⌺1278b (MAT␣) (13) . Unless otherwise stated, a minimal medium containing 50 mM (NH 4 ) 2 SO 4 and 3% (wt/vol) glucose as the sole sources of nitrogen and carbon, respectively, was used as the standard medium in growth experiments (22) . Orbital shake batch cultures (up to 2 liters) were inoculated from aerobic, stationary-phase, glucose-grown precultures and incubated overnight at 29°C to obtain S. cerevisiae cells in the exponential growth phase. The cells were harvested at 0.1 g (dry weight) liter Ϫ1 to obtain convenient samples for the experiments with thiram and dimethyldithiocarbamic acid.
Enzyme assays. Cells (50 to 70 mg [dry weight]) were harvested at 4°C by centrifugation at 6,000 ϫ g for 10 min, washed twice with an appropriate buffer for the enzyme determination, and resuspended in the same buffer. The cells were ruptured by passage through a French pressure cell. The homogenate was centrifuged (27,000 ϫ g for 15 min), and the supernatant fluid, filtered on Sephadex G-25, was used as the enzyme source. Glutathione synthetase, ␥-glutamyltranspeptidase, and glutathione reductase activities were assayed as described previously (7) . Protein was estimated by the Lowry method.
Determination of GSH and GSSG. Cells (20 to 50 mg [dry weight]) were filtered and washed on a Millipore membrane (HAWP 47; 0.45-m pore size). Extraction was carried out at 4°C for 15 min with a solution of trichloroacetic acid (5%, wt/vol) (25) . The homogenate was centrifuged, and the supernatant fluid was used for glutathione analysis. GSH was estimated as described elsewhere (14) . For oxidized GSH (GSSG) determinations, N-ethylmaleimide was added to the trichloroacetic solution at a final concentration of 25 mM to avoid auto-oxidation of GSH during the extraction procedure (31) . Excess N-ethylmaleimide was removed with diethyl ether, and the supernatant fluid was flushed under oxygen-free N 2 before analysis. GSSG was estimated as described previously (10) .
Thiram uptake and elimination rates. (6) . Cellular radioactivity was estimated after filtration of 5 ml of the culture medium on a Millipore membrane (HAWP 25; 0.45-m pore size). The filter was immediately rinsed with 5 ml of a solution containing the same concentration of unlabelled thiram and mixed with 8 ml of Ready Safe. All determinations were performed with a DPM-100 Beckman liquid scintillator spectrometer. The vials were kept in the dark for about 12 h prior to radioactivity determination. The thiram concentration in the culture medium was determined after CHCl 3 extraction and complexation with CuCl (5).
Ferricytochrome c reduction assay. Cytochrome c from horse heart (Sigma) was oxidized with potassium ferricyanide and filtered on Sephadex G-25. The concentration of cytochrome was assessed after chemical reduction with sodium dithionite by using a millimolar extinction coefficient of 29.5 at 550 nm. Reduction of ferricytochrome c by dimethyldithiocarbamic acid was measured in a reaction medium containing sodium phosphate (100 mM), NADPH (100 M), ferricytochrome c (10 M), GSSG (40 M), and glutathione reductase type III from baker's yeast (1 U; Sigma) at pH 7.6 in a final volume of 1 ml. The mixture was left to equilibrate at 25°C for 1 min before the reaction was started by addition of 60 M dimethyldithiocarbamic acid. Because the absorption spectra of ferricytochrome c and ferricytochrome c present an isobestic point at 338.5 nm, oxidation of NADPH can be monitored at this wavelength, and the reduction of ferricytochrome c was simultaneously recorded at 550 nm with a multiwavelength Perkin-Elmer Lambda 5 spectrophotometer.
Absorption spectrum of cytochrome in whole cells of ⌺1278b. Cells (0.1 g [dry weight]) from a ⌺1278b population growing exponentially on a minimal medium [50 mM (NH 4 ) 2 SO 4 and 0.5% (wt/vol) galactose as the sole sources of nitrogen and carbon] were harvested at 4°C by centrifugation, washed twice, and resuspended in 4 ml of glycerol-water (50%, vol/vol). Aliquots (1 ml) of this suspension were either reduced with sodium dithionite and treated with dimethyldithiocarbamic acid (0.01%, wt/vol) or oxidized with hydrogen peroxide. Difference spectra (reduced minus oxidized) were recorded with a Perkin-Elmer Lambda 5 spectrophotometer.
Oxygen consumption rates in galactose-induced ⌺1278b. ⌺1278b cells (1 to 2 mg [dry weight] ml Ϫ1 ) were incubated at 29°C in 2-ml flasks. Oxygen consumption was estimated as a function of time by the Warburg method.
RESULTS

Effects of thiram and dimethyldithiocarbamic acid on the GSH:GSSG redox state. [
14 C]thiram is rapidly taken up by exponentially growing cells of ⌺1278b. Figure 1A shows, as an example, the results obtained with 21 M thiram. The cellular fraction contained radiocarbon already in the first sample, 5 min after addition, and for up to 2 h. Simultaneously, a rapid decrease in GSH was observed, with a stoichiometric relationship between GSH disappearance and GSSG production (Fig.  1B) . The total concentration of free glutathione (GSH plus GSSG) remained virtually constant during the experimental period, suggesting that thiram did not induce leakage of glutathione into the culture medium.
The alteration of the glutathione redox state was measured after 30 min of incubation with thiram concentrations up to 21 M. The intracellular GSH:GSSG molar ratio decreased from 45 to 1, and a linear relationship was observed between fungicide and GSSG concentrations. At thiram levels above 30 M, i.e., the MIC, substantial loss in cellular viability occurred.
When dimethyldithiocarbamic acid was added to a suspension of ⌺1278b cells, a rapid decrease of GSH was also observed. The alteration was transient and lasted for more than 2 h in cells treated with 42 M dimethyldithiocarbamic acid (Fig. 1A) . However, it was previously shown that the compound did not react significantly in vitro with either GSH or GSSG (8) . The observation suggests that dimethyldithiocarbamic acid is oxidized in vivo at a rate exceeding that of biosynthesis and regeneration required for the maintenance of the cellular GSH pool.
Metabolic interconversion of thiram and dimethyldithiocarbamic acid. Oxidation of dimethyldithiocarbamic acid by cytochrome c and peroxides was demonstrated in vitro, and it was reported that GSH can serve as a catalyst in these reactions (19) . In the present study, we observed that dimethyldithiocarbamic acid and thiram reduced cytochrome c in the presence of GSH at the same rate, whenever they were used on a stoichiometric basis, i.e., when 2 mol of dimethyldithiocarbamic acid was produced per mol of thiram. Therefore, it is suggested that thiram is an intermediate in the process and that GSH maintains the drug in its thiol form according to equation 1:
To investigate further into this model, the redox reactions corresponding to equation 1 were tested in vitro with the help of a cyclic regenerating system catalyzed by glutathione reductase (EC 1.6.4.2) and NADPH (GSSG ϩ NADPH ϩ H ϩ 3 2GSH ϩ NADP ϩ ). In the overall reaction, NADPH is the final electron donor to ferricytochrome. It was ascertained that the presence of dimethyldithiocarbamic acid is a prerequisite for cytochrome c reduction, i.e., GSH did not reduce ferricytochrome c significantly (Fig. 2, curves 1) . When GSH was omitted from the reaction mixture, ferricytochrome c was reduced by dimethyldithiocarbamic acid without any change in the NADPH concentration (Fig. 2, curves 2) . In the presence of GSH, the rate of ferricytochrome reduction was higher and the concentration of NADPH decreased (Fig. 2, curves 3) . At equilibrium, the amount of NADPH consumed corresponded to the amount of ferricytochrome c produced (Fig. 2B) , thus indicating that the electron carrier stoichiometrically converts the drug in its disulfide form. Hence, thiram and dimethyldithiocarbamic acid could act as links between the GSH redox cycle and the respiratory electron transport chain.
Support for this hypothesis was obtained by in situ analysis of the redox state of the electron carriers in galactose-induced ⌺1278b cells. Under aerobic conditions, the electron carriers were almost completely oxidized. In dimethyldithiocarbamic acid-treated cells, the absorption bands of cytochromes were reduced, as indicated by the spectrum in the 500-to 620-nm range (Fig. 3) . For comparison purposes, the spectrum obtained prior to incubation of the cells with sodium dithionite is also shown , respectively. In both cases, the inhibition was time dependent, and more than 2 h elapsed before normal activity was resumed (Fig. 4) . It should be stressed that dimethyldithiocarbamic acid has been shown to interfere with the respiration of fungal cells; for example, pyruvate accumulates in Aspergillus niger after treatment with the fungicide (3).
Effect of thiram on the enzymes involved in GSH metabolism. The specific activities of glutathione synthetase and ␥-glutamyltranspeptidase, enzymes involved in the biosynthesis and degradation of GSH, respectively, were unaffected by thiram and dimethyldithiocarbamic acid. In contrast, both forms of the fungicide exerted a noticeable influence on the specific activity of glutathione reductase ( Table 1) . As shown in Fig. 5 , the differential rate of glutathione reductase synthesis was constant during the exponential growth phase of S. cerevisiae. Upon addition of 21 M thiram, the enzyme activity decreased to about 50% of the control value, and more than 8 h elapsed before normal activity was resumed. These results confirm in vitro studies of the effect of thiram on yeast glutathione reductase (6) . The fungicide behaves as an active-sitedirected inhibitor of the enzyme, probably by carbamoylation of the active thiol groups. Such a mechanism of action implies that the drug is present within the cells in its disulfide form.
Rates of thiram elimination by yeast. The influence of increasing thiram concentrations on its uptake and elimination rate was investigated. It was ascertained that no inactivation of the pesticide took place in the absence of cells and that killed cells were unable to detoxify the culture medium. During the first 60 min of incubation, the variation in the cell biomass was negligible, and thiram disappearance from the culture medium displayed apparent first-order kinetics. However, the rate of thiram elimination varied in a nonlinear way with the concentration (Table 2 ). Figure 6 shows that the uptake of [ 
where K is an equilibrium constant, X max is the asymptotic maximum, and [T] s and [T] c are the thiram concentrations in the medium and associated with the cell fraction, respectively. The accumulation of radiocarbon was reversible by transfer to a fresh medium, and the equilibrium was also displaced by the addition of nonlabelled thiram. It should be noted that the radioactivity transferred into the cells represented only a small percentage of the amount of [ Table 2 shows that estimates of the thiram reduction rate are close to that of the elimination rate in the culture medium, suggesting that thiram bioreduction is a leading route for thiram metabolism in yeast.
DISCUSSION
In the present study, it was shown that dimethyldithiocarbamic acid depletes GSH in S. cerevisiae, although it does not significantly react in vitro with the tripeptide. The underlying mechanism of this effect apparently involves the oxidation of dimethyldithiocarbamic acid to thiram, which in turn oxidizes GSH. Cytochromes may serve as the final electron acceptors for dimethyldithiocarbamic acid reoxidation, as previously reported for animal tissues (19, 30) . Arguments supporting the hypothesis of electron shuttles from NADPH to cytochrome c were provided by results shown in Fig. 3 . However, the degree to which dimethyldithiocarbamic acid could contribute to this shunt is diminished by its disappearance from the system. The dimethyldithiocarbamate anion generated is relatively unstable and breaks down into dimethylamine, carbon disulfide, and hydrogen sulfide. In microorganisms, such as fungi and bacteria, dimethyldithiocarbamate converts into dimethyldithiocarbamate-␣-aminobutyric acid and its corresponding keto acid (4) and chelates vital trace metals, especially copper. These reactions account for the fungitoxicity of the compound, but the 1:1 Cu ϩ chelate is known to be highly fungicidal (3).
Since yeast is able to generate NADPH-reducing equivalents, it may be argued that the GSH redox cycle could offer some protection against the poisoning of cells by thiram and dimethyldithiocarbamic acid. At sublethal concentrations, i.e., up to 30 and 80 M for thiram and dimethyldithiocarbamic acid, respectively, reaction with GSH prevents damage to essential SH groups of proteins and cofactors. Concomitantly, reaction with cytochrome c mediates the release of free dimethyldithiocarbamate within the cells. In addition, GSH may counteract the toxicity of the copper chelates (32) . Reversal of thiram fungitoxicity by exudates from conidia of Glomerella cingulata was previously reported and attributed to the formation of a soluble, nontoxic complex between amino acid copper and the dimethyldithiocarbamate anion (29) .
These protective and/or restoring functions of GSH depend upon the maintenance of adequate levels of GSH. Maintenance and regeneration of GSH in yeast are controlled mostly by (i) de novo biosynthesis from amino acids through the ␥-glutamyl cycle and (ii) catalyzed reduction of GSSG by glutathione reductase. In this study, the total concentration of glutathione remained almost constant. No efflux of GSH and/or GSSG was detected in the external medium, and the specific activity of glutathione synthetase was apparently unaffected by thiram. Furthermore, previous studies have shown that inhibition of GSH biosynthesis by buthionine-S,R-sulfoxi- (5). These observations disclaim the ␥-glutamyl cycle as playing a direct role in the metabolism of thiram. By contrast, very dynamic responses during bioreduction of drugs are provided by the glutathione redox cycle (17, 18, 26) . The hexose monophosphate pathway is by far the major route of NADPH formation in glucose-grown S. cerevisiae (2) . However, intracellular inactivation of glutathione reductase may drastically affect the flow of electrons from NADPH to the cytochromes. As a matter of fact, whenever the GSH regeneration rate falls below its oxidation rate, the GSH:GSSG ratio drops sharply (Table  2) , allowing thiram to act as a potent inhibitor of the SH groups of enzymes. A number of enzymes of the glycolytic pathway and of the pentose phosphate pathway are inhibited by strong SH-blocking agents. For example, thiram and disulfiram are known to inhibit hexokinase, glyceraldehyde-3-phosphate dehydrogenase, glucose-6-phosphate dehydrogenase, and aldolase (see reference 30). Inhibition of these enzymes might explain the decreasing uptake of oxygen reported here.
In conclusion, the glutathione redox cycle seems to play a vital role in the cellular response of yeast to thiram bioreduction and in its resistance to fungitoxicity, although the system can be overridden in a time-dependent and dose-dependent process. This is exemplified by the decreasing rate of thiram elimination with increasing concentrations of the fungicide in the culture medium (Table 2) , as well as by the fact that at thiram and dimethyldithiocarbamic acid levels above the MICs, substantial loss in cellular viability occurs (5) .
The fungicidal action of thiram cannot be explained solely by the release of dimethyldithiocarbamic acid, although the latter is responsible for the chelating properties of the drug and for the inhibition of superoxide dismutase (12, 16, 34) . Several lines of evidence indicate that the disulfide form of the fungicide is required for intracellular inactivation of a number of enzymes (e.g., glutathione reductase). Superoxide dismutase and glutathione reductase are key enzymes involved in detoxification of oxygen by-products (15) , and thus inhibition of these enzymes is likely responsible for the radiosensitizing effects of the dialkyldithiocarbamates and their role in potentiation of toxicity of drugs generating superoxide radical anions (11, 12, 24) .
